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Detection of electron recoils by dark matter (DM) may reveal the structure of the dark sector. We
consider a scenario where a heavier DM particle inelastically scatters off an electron and is converted
into a lighter DM particle. A small mass difference between the two DM particles is transferred
into electron recoil energy. We investigate the DM-electron interaction mediated by a massive dark
photon and evaluate the inelastic DM scattering rate, taking account of the atomic structure. It is
found that the scattering rate is significantly enhanced because of the small mass splitting, which
allows for a small momentum transfer matched with the size of the electron wave function. We show
that there exists a viable parameter space which explains the excess of electron recoil events around
2 keV recently reported by the XENON1T experiment.
I. INTRODUCTION
To understand the nature of dark matter (DM) is a
central issue in modern particle physics and cosmology.
Numerous candidates of DM have been proposed and
at the same time numerous experiments have been con-
ducted to search for DM. The dawn of a new era in DM
physics is breaking. Recently, the XENON collabora-
tion has reported excess of electron recoil events around
2 keV in the recoil energy [1]. The observed excess was
interpreted in terms of axions [2–4] produced in the Sun.
However, this interpretation is in strong tension with the
stellar cooling constraints [5–8]. Another interpretation
based on a hypothetical neutrino magnetic moment is
also excluded by the same reason. Then, barring the
possibility that the signals come from a small amount
of tritium in the detector, it is natural to consider the
excess as a hint of DM.
The observed electron recoil excess cannot be ex-
plained by cold DM which elastically scatters off target
electrons because such DM particles are too slow and give
too large signals in the first bin of the recoil energy 1-2
keV when the second bin of 2-3 keV is fitted [9]. One pos-
sible explanation of the excess is absorption of bosonic
DM by electrons [10]. A concrete setup to realize this
idea is discussed in ref. [11]. Another explanation is to
have a fast component of DM with velocity v ∼ 0.1 [9],
whose possible origins are also speculated.
In this paper, we propose a new interpretation of the
observed excess with cold DM inelastically scattering off
electrons. Inelastic DM scattering has been mostly dis-
cussed in the context of inelastic DM [12, 13], where a DM
particle scatters off nuclei and is converted into an ex-
cited state, motivated by the DAMA annual modulation
anomaly [14]. Unlike inelastic DM, we consider a cold
DM particle χ2 which inelastically scatters off an electron
and is converted into a lighter DM particle χ1. A DM
nucleon down-scattering has been discussed in ref. [15].
The mass difference between χ1 and χ2 is converted into
the electron recoil energy.
To be concrete, we investigate the DM-electron inter-
action mediated by a massive dark photon A′. A DM
particle χ2 can decay into Standard Model (SM) parti-
cles and χ1, but the lifetime is sufficiently long. Also, the
inelastic scattering in the early universe freezes out much
before the temperature drops below the mass difference.
Thus, the two particles χ1, χ2 equally contribute to the
present abundance of DM. We calculate the rate of the
inelastic DM scattering off electrons, taking account of
the xenon atomic structure. We find that the scattering
rate is significantly enhanced for a recoil energy at the
mass difference, since the momentum transfer is allowed
to be small and can match the size of the wave function
of the electrons in the atom. We find a viable parameter
space of our dark sector model where the observed excess
is explained.
The rest of the paper is organized as follows. In sec-
tion II, we present our dark sector model. In section III,
we compute the inelastic scattering cross section and ex-
plain the XENON1T data in the model. Section IV dis-
cusses the DM production through the thermal freeze
out process. In section V, we investigate (in)direct con-
straints on the model. The lifetime of the heavier DM
component is estimated and the constraint from various
dark photon searches is shown. In section VI, we con-
clude the discussion and comment on future directions.
II. THE MODEL
We introduce a new sector with two DM scalars χ1,
χ2 (whose masses are m1 < m2) feebly interacting with
the SM particles through a massive dark photon A′. Our
focus is on the case where the DM masses m1,2 are much
above the MeV scale so that the DM abundance may be
explained by the thermal freeze-out process as discussed
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FIG. 1. Inelastic scattering of the heavier DM particle χ2 off
the electron e into the lighter particle χ1, mediated by the
dark photon A′.
in section IV. We assume a mass difference between χ1
and χ2, defined as δ ≡ m2 −m1 (= 2 − 3 keV), is much
smaller than m1,2. Such a hierarchy can be naturally re-
alized by embedding χ1,2 into a complex scalar field φ
charged under a dark gauge symmetry U(1)D. To ensure
the stability of the DM scalars, we impose a discrete sym-
metry φ → −φ. The U(1)D symmetry is spontaneously
broken and the dark photon A′ becomes massive. As in
the case of the sneutrino DM [12], the symmetry break-
ing generates a mass difference between χ1 and χ2 in φ
through a potential,
V (φ) = m2|φ|2 + ∆2 (φ2 + φ∗2) , (1)
where ∆ originates from the gauge symmetry breaking.
Then, the masses of χ1,2 are calculated as
m1 =
√
m2 − 2∆2 ' m− ∆
2
m
,
m2 =
√
m2 + 2∆2 ' m+ ∆
2
m
,
δ = m2 −m1 ' 2∆
2
m
.
(2)
By taking ∆  m, the mass difference δ is suppressed
compared to m1,2.
To make the DM particles χ1,2 interact with the SM
particles, we introduce a kinetic mixing between the dark
photon A′ and the SM photon. In the basis where the
kinetic mixing is removed by the shift of the SM photon,
the interactions of χ1,2 and the SM fermions involving
one dark photon are given by
L = gDA′µ (χ1∂µχ2 + χ2∂µχ1) + eA′µJµEM, (3)
where gD is the gauge coupling constant of the U(1)D, 
is the kinetic mixing parameter, and JµEM is the electro-
magnetic current. Through these interactions, the heav-
ier χ2 inelastically scatters off an electron and is con-
verted to the lighter χ1, as described in Fig. 1, The small
mass difference δ is converted into electron recoil energy,
which may explain the excess of events observed by the
XENON1T experiment.
III. INELASTIC DM-ELECTRON SCATTERING
Let us now evaluate the rate of the inelastic DM elec-
tron scattering, taking account of the xenon atomic struc-
ture. For our purpose, we generalize the discussion of
refs. [16–18] into the case of inelastic down-scattering off
an electron. The differential cross section for a DM ve-
locity v is given by
dσv
dER
=
σe
2mev
∫ q+
q−
a20q dqK(ER, q) . (4)
Here, me is the electron mass, a0 = 1/(αme) is the Bohr
radius where α ≡ e2/4pi ' 1/137 is the fine structure
constant, ER is the recoil energy, q is the transferred
momentum, K(ER, q) is the atomic excitation factor, and
σe is the free electron cross section given by
σe =
16pi2ααDm
2
e
m4A′
, (5)
in our model. Here, αD ≡ g2D/(4pi) and mA′ denotes
the dark photon mass. The limits of the integration q±
in Eq. (4) are determined in the following way. The en-
ergy conservation in the scattering process leads to the
relation,
q2
2m2
− vq cos θ = δ − ER, (6)
where θ is the angle between the momentum of χ2 and
the transferred momentum. The possible range of −1 <
cos θ < 1 determines the limits of the integration q±.
Unlike elastic scattering, we now have two cases of ER ≥
δ and ER ≤ δ. For ER ≥ δ, Eq. (6) leads to
q± = m2v ±
√
m22v
2 − 2m2(ER − δ) , (7)
while for ER ≤ δ we obtain
q± = ±m2v +
√
m22v
2 − 2m2(ER − δ) . (8)
Eq. (7) is reduced to that of elastic scattering in the limit
of δ → 0, while Eq. (8) is possible only for the case of
inelastic down-scattering.
The atomic excitation factor K(ER, q) is taken from
refs. [17, 18]. Its dependence on the momentum transfer q
is shown in Fig. 2. Here the contribution from the bound
states with the principal quantum number n = 3 dom-
inates, since their binding energy is around a few keV.
The factor is the largest for q−1 as large as the size of
the wave functions of those states. For elastic scattering,
where δ = 0, q− is at the smallest O(ER/v) = O(MeV)
and the momentum maximizing the atomic factor is irrel-
evant. On the other hand, for inelastic down-scattering,
when ER ∼ δ, q− approaches zero and the momentum
transfer maximizing the factor is available.
In Fig. 3, we plot
Kint(ER) =
∫ q+
q−
q dqK(ER, q) , (9)
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FIG. 2. The atomic excitation factor K(ER, q) as a function
of the transferred momentum q for ER = 2 keV.
as a function of ER for a representative parameter set of
m1 = 1 GeV and δ = 2 keV. The figure shows a peak
around ER ' δ, since q− approaches zero and the max-
imal value of K(ER, q) is available. We emphasize that
this enhancement is a characteristic feature of the inelas-
tic scattering. The dependence of Kint on the DM mass
is negligible in the mass range we focus on.
The differential event rate for the inelastic DM scat-
tering with electrons in xenon is given by
dR
dER
= nTnDM
dσv
dER
, (10)
where nT ≈ 4× 1027/ton is the number density of xenon
atoms and nχ2 ≈ 0.15 GeV/cm3 is the number density of
the DM component χ2. We find that dσv/dER is almost
independent of v around the typical value 10−3. The final
event rate is given by
R ' 4× 1092g2D
(
1 GeV
m
)(
1 GeV
mA′
)4
/ton/year. (11)
This event rate is about 106 times larger than that of elas-
tic scattering per 1 keV bin. In Fig. 4, we show the value
of the kinetic mixing  which explains the excess of events
observed at XENON1T with a rate ≈ 100/ton/year. We
can see that the observed data is fitted by a wide range
of the kinetic mixing.
IV. THE RELIC ABUNDANCE
In this section, we discuss the abundance of the DM
particles χ1,2 produced by the thermal freeze-out pro-
cess. Since the mass difference δ is much smaller than
the freeze-out temperature TFO ∼ m/10, we may use the
complex scalar field φ to compute the abundance of χ1,2.
To evade the direct detection bound from the nuclear
recoil experiments, m must be below the GeV scale. For
such a small mass, the CMB constraint excludes the ther-
mal freeze-out production of DM determined by s-wave
annihilation [19, 20]. We thus consider the case where
the relic abundance is determined by the p-wave annihi-
lation of φ to a pair of SM fermions through the s-channel
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FIG. 3. The atomic excitation factor after the q integration,
Kint(ER), defined in Eq. (9), as a function of the transferred
recoil energy ER. Here, we take m1 = 1 GeV and δ = 2 keV.
exchange of A′. The annihilation cross section of φ into
a fermion f is given by
σv ' 
2q2fe
2g2D
6pi
m2
m4A′
v2 × 1
(1− 4m2/m2A′)2
, (12)
where v is the relative velocity of the initial states and qf
is the electric charge of the fermion f . The correct relic
abundance of DM is obtained for
gD ' 3× 10−4 ×
( mA′
0.1 GeV
)2(0.1 GeV
m
)
×
∣∣∣∣1− 4m2m2A′
∣∣∣∣
∑
f
q2f
−1/2 , (13)
where the summation over f is taken for the SM fermions
lighter than φ. For mA′ near 2m, the required value
of gD is suppressed because of the enhancement of the
annihilation by the dark photon pole.
Fig. 4 includes the required value of the kinetic mixing
 to explain the observed DM abundance by the thermal
freeze-out of χ1,2. We can see that the correct value is
larger than that to explain the XENON1T excess. In
other words, after fixing the coupling to explain the ex-
cess, the thermal abundance of χ1,2 is too large. This is
the case for other choices of gD and m/mA′ , unless mA′
is very close to 2m.
The overproduction may be avoided by some entropy
production. If the freeze-out occurs during a matter dom-
inated era, the abundance of χ1,2 is suppressed by a factor
of (TFO/TRH)
3
where TRH is the reheating temperature.
Fig. 4 shows the required value of  for several TRH. The
BBN constraint requires TRH > 4 MeV [21, 22]. A simi-
lar bound is also obtained from the CMB [23], since for a
lower TRH the reheating after neutrinos decouple is non-
negligible and the neutrinos become relatively cooler than
photons. The figure indicates that there exists a parame-
ter region which simultaneously explains the XENON1T
excess and realizes the correct DM abundance via the
thermal freeze-out process and entropy production.
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FIG. 4. The required value of  to explain the observed excess of events at XENON1T in terms of the dark photon mass
mA′ (black solid lines). The left and right panels correspond to the cases of m > mA′/2 and m < mA′/2 respectively. We
assume gD = 1 in both cases. The blue lines denote the required value of  to obtain the observed DM abundance by the
thermal freeze-out process, discussed in Sec. IV. The solid lines correspond to the case without any entropy production. The
dashed lines assume freeze-out during a matter dominated era and the subsequent reheating at TRH, which suppresses the DM
abundance by a factor of (TRH/TFO)
3. The shaded regions show the constraints from various searches for the dark photon A′
which are discussed in Sec. V.
Another possibility to realize the correct relic abun-
dance is to introduce an additional particle to which χ1,2
annihilate. If such a particle is massless, it behaves as
dark radiation. The massless new particle decouples from
the thermal bath around when χ1,2 decouple. If this oc-
curs after the QCD phase transition, the massless parti-
cle contributes to too much dark radiation [24]. To avoid
this case, m & GeV is required, which is excluded by nu-
clear recoil experiments discussed in section V. If the new
particle is massive, it may decay into the SM particles.
In this case, the annihilation should not contain an s-
wave. One viable example is the annihilation of χ1,2 into
a new scalar particle which is charged under the U(1)D
and mixes with the SM Higgs boson after the electroweak
and U(1)D symmetry breaking.
After the annihilation process freezes out, χ1,2 con-
tinue to be converted to each other by scatterings with
the SM particles. Once the temperature drops below the
electron mass, electrons almost disappear from the ther-
mal bath, and the conversion also freezes out. Scatterings
with the asymmetric component of electrons as well as
with photons are negligible. Since this freeze-out occurs
at a temperature much above the mass difference δ, the
relic abundances of χ1,2 are identical.
V. (IN)DIRECT CONSTRAINTS
We here discuss (in)direct constraints on the model pa-
rameter space and see if the parameter region to explain
the observed electron recoil excess is consistent with the
current constraints.
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FIG. 5. The decay of the heavier DM particle χ2 into the
lighter χ1 and three photons, mediated by the dark photon
A′ and the SM fermion loop.
Since the p-wave annihilation of the DM particles χ1,2
at a low temperature is suppressed, constraints from the
CMB and the indirect detection experiments are not rel-
evant in our model. For mA′/2 < m < mA′ , χ1,2 anni-
hilates into A′ and SM particles through an off-shell A′,
but we find that this does not constrain the parameter
region explaining the XENON1T excess.
The DM-nucleon scattering cross section is
σn = 4α
2g2D
(
Z
A
)2
m2N
m2A′
' 6× 10−38cm2
(
Z/A
0.5
)2
m
GeV
R
100/ton/year
, (14)
where Z is the atomic number, A is the atomic weight,
and mN is the nucleon mass. In the second line we ex-
pressed the parameters in terms of the signal rate at
XENON1T. The bound from CRESST-III [25] is satis-
fied for m . 0.7 GeV.
5The stability of χ2 is essential for the explanation of the
excess. The heavier state χ2 can decay into the lighter
state χ1 and three photons via the diagram shown in
Fig. 5. The decay rate is roughly given by
Γ ∼ 1
(4pi)5
α42g2D
δ13
m4A′m
8
e
, (15)
which is much smaller than the upper bound from the X-
ray search (see e.g. [26]). Note that the decays of χ2 into
χ1 and one/two photons are absent. Then, any constraint
from the decay of χ2 is negligible.
Relevant constraints on the parameter space come from
the dark photon searches. For m > mA′/2, the dark pho-
ton A′ does not decay into χ1,2 and decays only visibly, so
that the direct search constraint is rather strong. The left
panel of Fig. 4 shows the constraints from the searches
at LHCb [27], Babar [28], NA48/2 [29], KLOE [30–
33], A1 [34], E774 [35], E141 [36], Orasay [37], and
E137 [38, 39], as summarized in ref. [40]. For m < mA′/2,
since A′ can decay into χ1,2, the constraints tend to be
relaxed, as shown in the right panel of the figure. Here
we show the constraints from Babar [41] and NA64 [42].
For both the cases of m > mA′/2 and m < mA′/2, the
required value of the kinetic mixing  to explain the ob-
served excess of events at XENON1T is largely consistent
with all the constraints discussed here.
VI. CONCLUSION
We have proposed a new interpretation of the elec-
tron recoil excess observed in the XENON1T experiment
where one of the DM components χ2 inelastically scat-
ters off an electron and is converted into the lighter DM
component χ1. The mass difference between χ1 and χ2 is
converted into electron recoil energy. The DM-electron
interaction is mediated by a massive dark photon A′.
The lifetime of the heavier χ2 is sufficiently long and the
X-ray search does not give a constraint on the relevant
parameter space. We evaluated the rate of the inelastic
DM scattering, taking account of the xenon atomic struc-
ture, and found a viable parameter space which explains
the observed excess and is consistent with various dark
photon searches. Although the viable parameter space
is inconsistent with the DM relic abundance by the ther-
mal freeze-out process, some entropy production or a new
annihilation mode may address the issue.
In the evaluation of the inelastic DM electron scat-
tering rate, taking account of the atomic structure, we
found that the scattering rate is significantly enhanced
for a recoil energy at the mass difference, since the mo-
mentum transfer is allowed to be small and can match
the size of the wave function of the electrons in the atom.
This feature is not seen for elastic scattering and it is
worth studying it in more general setups for applications
to other direct detection experiments.
Various experiments searching for dark photons are
ongoing and also proposed (see ref. [40] and references
therein). It is important to explore future prospects to
test our model parameter space which can explain the
XENON1T electron recoil excess.
ACKNOWLEDGEMENTS
We would like to thank Benjamin Roberts and Yevgeny
Stadnik for discussions. Y.N. and M.S. are grateful to
Kavli IPMU for their hospitality during the COVID-19
pandemic. This work was supported in part by the DoE
grants de-sc0009988 (K.H.) as well as the Raymond and
Beverly Sackler Foundation Fund (K.H.).
[1] XENON Collaboration, E. Aprile et al., “Observation
of Excess Electronic Recoil Events in XENON1T,”
arXiv:2006.09721 [hep-ex].
[2] R. Peccei and H. R. Quinn, “CP Conservation in the
Presence of Instantons,” Phys. Rev. Lett. 38 (1977)
1440–1443.
[3] S. Weinberg, “A New Light Boson?,” Phys. Rev. Lett.
40 (1978) 223–226.
[4] F. Wilczek, “Problem of Strong P and T Invariance in
the Presence of Instantons,” Phys. Rev. Lett. 40 (1978)
279–282.
[5] N. Viaux, M. Catelan, P. B. Stetson, G. Raffelt,
J. Redondo, A. A. R. Valcarce, and A. Weiss, “Neutrino
and axion bounds from the globular cluster M5 (NGC
5904),” Phys. Rev. Lett. 111 (2013) 231301,
arXiv:1311.1669 [astro-ph.SR].
[6] M. M. Miller Bertolami, B. E. Melendez, L. G. Althaus,
and J. Isern, “Revisiting the axion bounds from the
Galactic white dwarf luminosity function,” JCAP 10
(2014) 069, arXiv:1406.7712 [hep-ph].
[7] T. Battich, A. H. Crsico, L. G. Althaus, M. M.
Miller Bertolami, and M. Bertolami, “First axion
bounds from a pulsating helium-rich white dwarf star,”
JCAP 08 (2016) 062, arXiv:1605.07668
[astro-ph.SR].
[8] M. Giannotti, I. G. Irastorza, J. Redondo, A. Ringwald,
and K. Saikawa, “Stellar Recipes for Axion Hunters,”
JCAP 10 (2017) 010, arXiv:1708.02111 [hep-ph].
[9] K. Kannike, M. Raidal, H. Veerme, A. Strumia, and
D. Teresi, “Dark Matter and the XENON1T electron
recoil excess,” arXiv:2006.10735 [hep-ph].
[10] M. Pospelov, A. Ritz, and M. B. Voloshin, “Bosonic
super-WIMPs as keV-scale dark matter,” Phys. Rev. D
78 (2008) 115012, arXiv:0807.3279 [hep-ph].
[11] F. Takahashi, M. Yamada, and W. Yin, “XENON1T
anomaly from anomaly-free ALP dark matter,”
arXiv:2006.10035 [hep-ph].
[12] L. J. Hall, T. Moroi, and H. Murayama, “Sneutrino cold
dark matter with lepton number violation,” Phys. Lett.
B 424 (1998) 305–312, arXiv:hep-ph/9712515.
6[13] D. Tucker-Smith and N. Weiner, “Inelastic dark
matter,” Phys. Rev. D 64 (2001) 043502,
arXiv:hep-ph/0101138.
[14] DAMA Collaboration, R. Bernabei et al., “Search for
WIMP annual modulation signature: Results from
DAMA / NaI-3 and DAMA / NaI-4 and the global
combined analysis,” Phys. Lett. B 480 (2000) 23–31.
[15] K. R. Dienes, J. Kumar, B. Thomas, and D. Yaylali,
“Off-diagonal dark-matter phenomenology: Exploring
enhanced complementarity relations in nonminimal
dark sectors,” Phys. Rev. D 96 (2017) 115009,
arXiv:1708.09698 [hep-ph].
[16] R. Essig, J. Mardon, and T. Volansky, “Direct
Detection of Sub-GeV Dark Matter,” Phys. Rev. D 85
(2012) 076007, arXiv:1108.5383 [hep-ph].
[17] B. Roberts and V. Flambaum, “Electron-interacting
dark matter: Implications from DAMA/LIBRA-phase2
and prospects for liquid xenon detectors and NaI
detectors,” Phys. Rev. D 100 no. 6, (2019) 063017,
arXiv:1904.07127 [hep-ph].
[18] B. Roberts, V. Dzuba, V. Flambaum, M. Pospelov, and
Y. Stadnik, “Dark matter scattering on electrons:
Accurate calculations of atomic excitations and
implications for the DAMA signal,” Phys. Rev. D 93
no. 11, (2016) 115037, arXiv:1604.04559 [hep-ph].
[19] N. Padmanabhan and D. P. Finkbeiner, “Detecting
dark matter annihilation with CMB polarization:
Signatures and experimental prospects,” Phys. Rev. D
72 (2005) 023508, arXiv:astro-ph/0503486.
[20] Planck Collaboration, N. Aghanim et al., “Planck 2018
results. VI. Cosmological parameters,”
arXiv:1807.06209 [astro-ph.CO].
[21] M. Kawasaki, K. Kohri, and N. Sugiyama,
“Cosmological constraints on late time entropy
production,” Phys. Rev. Lett. 82 (1999) 4168,
arXiv:astro-ph/9811437.
[22] M. Kawasaki, K. Kohri, and N. Sugiyama, “MeV scale
reheating temperature and thermalization of neutrino
background,” Phys. Rev. D 62 (2000) 023506,
arXiv:astro-ph/0002127.
[23] P. de Salas, M. Lattanzi, G. Mangano, G. Miele,
S. Pastor, and O. Pisanti, “Bounds on very low
reheating scenarios after Planck,” Phys. Rev. D 92
no. 12, (2015) 123534, arXiv:1511.00672
[astro-ph.CO].
[24] D. Green et al., “Messengers from the Early Universe:
Cosmic Neutrinos and Other Light Relics,” Bull. Am.
Astron. Soc. 51 no. 7, (2019) 159, arXiv:1903.04763
[astro-ph.CO].
[25] CRESST Collaboration, A. Abdelhameed et al., “First
results from the CRESST-III low-mass dark matter
program,” Phys. Rev. D 100 no. 10, (2019) 102002,
arXiv:1904.00498 [astro-ph.CO].
[26] M. Drewes et al., “A White Paper on keV Sterile
Neutrino Dark Matter,” JCAP 01 (2017) 025,
arXiv:1602.04816 [hep-ph].
[27] LHCb Collaboration, R. Aaij et al., “Search for Dark
Photons Produced in 13 TeV pp Collisions,” Phys. Rev.
Lett. 120 no. 6, (2018) 061801, arXiv:1710.02867
[hep-ex].
[28] BaBar Collaboration, J. Lees et al., “Search for a Dark
Photon in e+e− Collisions at BaBar,” Phys. Rev. Lett.
113 no. 20, (2014) 201801, arXiv:1406.2980 [hep-ex].
[29] NA48/2 Collaboration, J. Batley et al., “Search for the
dark photon in pi0 decays,” Phys. Lett. B 746 (2015)
178–185, arXiv:1504.00607 [hep-ex].
[30] KLOE-2 Collaboration, F. Archilli et al., “Search for a
vector gauge boson in φ meson decays with the KLOE
detector,” Phys. Lett. B 706 (2012) 251–255,
arXiv:1110.0411 [hep-ex].
[31] KLOE-2 Collaboration, D. Babusci et al., “Limit on
the production of a light vector gauge boson in phi
meson decays with the KLOE detector,” Phys. Lett. B
720 (2013) 111–115, arXiv:1210.3927 [hep-ex].
[32] KLOE-2 Collaboration, D. Babusci et al., “Search for
light vector boson production in e+e− → µ+µ−γ
interactions with the KLOE experiment,” Phys. Lett. B
736 (2014) 459–464, arXiv:1404.7772 [hep-ex].
[33] KLOE-2 Collaboration, A. Anastasi et al., “Limit on
the production of a new vector boson in e+e− → Uγ,
U→ pi+pi− with the KLOE experiment,” Phys. Lett. B
757 (2016) 356–361, arXiv:1603.06086 [hep-ex].
[34] H. Merkel et al., “Search at the Mainz Microtron for
Light Massive Gauge Bosons Relevant for the Muon g-2
Anomaly,” Phys. Rev. Lett. 112 no. 22, (2014) 221802,
arXiv:1404.5502 [hep-ex].
[35] A. Bross, M. Crisler, S. H. Pordes, J. Volk, S. Errede,
and J. Wrbanek, “A Search for Shortlived Particles
Produced in an Electron Beam Dump,” Phys. Rev. Lett.
67 (1991) 2942–2945.
[36] E. Riordan et al., “A Search for Short Lived Axions in
an Electron Beam Dump Experiment,” Phys. Rev. Lett.
59 (1987) 755.
[37] M. Davier and H. Nguyen Ngoc, “An Unambiguous
Search for a Light Higgs Boson,” Phys. Lett. B 229
(1989) 150–155.
[38] J. Bjorken, S. Ecklund, W. Nelson, A. Abashian,
C. Church, B. Lu, L. Mo, T. Nunamaker, and
P. Rassmann, “Search for Neutral Metastable
Penetrating Particles Produced in the SLAC Beam
Dump,” Phys. Rev. D 38 (1988) 3375.
[39] B. Batell, R. Essig, and Z. Surujon, “Strong Constraints
on Sub-GeV Dark Sectors from SLAC Beam Dump
E137,” Phys. Rev. Lett. 113 no. 17, (2014) 171802,
arXiv:1406.2698 [hep-ph].
[40] J. Beacham et al., “Physics Beyond Colliders at CERN:
Beyond the Standard Model Working Group Report,”
J. Phys. G 47 no. 1, (2020) 010501, arXiv:1901.09966
[hep-ex].
[41] BaBar Collaboration, J. Lees et al., “Search for
Invisible Decays of a Dark Photon Produced in e+e−
Collisions at BaBar,” Phys. Rev. Lett. 119 no. 13,
(2017) 131804, arXiv:1702.03327 [hep-ex].
[42] NA64 Collaboration, D. Banerjee et al., “Search for
invisible decays of sub-GeV dark photons in
missing-energy events at the CERN SPS,” Phys. Rev.
Lett. 118 no. 1, (2017) 011802, arXiv:1610.02988
[hep-ex].
